Russelite bismuth tungstate (Bi 2 WO 6 ) flake-ball particles prepared by a hydrothermal reaction method have been reported to be visible-light-responsive photocatalysts for mineralization of organic compounds. Here, we report new bismuth-tungsten mixed oxide particles with a tungsten-to-bismuth ratio (W/Bi ratio) in feed of 1.0, which is two-times higher than the stoichiometric ratio of Bi 2 WO 6 (W/Bi = 0.50). Compared to the conventional Bi 2 WO 6 flake-ball particles, the tungsten-rich particles exhibited a narrow band gap (2.70 eV), large specific surface area due to the rectangular platelet nanostructure, and high level of photocatalytic activity for oxidative decomposition of acetaldehyde.
pair of a photoexcited electron and positive hole, which reacts with species adsorbed on the surface to induce reduction and oxidation competing with the recombination of a pair. Anatase titania is known to induce photocatalytic oxidative decomposition of organic compounds into carbon dioxide (CO 2 ) and water, i.e. mineralization. However, it works only under ultraviolet (UV) light irradiation due to the wide band gap of 3.2 eV. Actually, a pristine titania photocatalyst is less active for purification of indoor air, since the intensity of UV light emitted from a fluorescent light tube is very low. In this sense, development of visible-light-responsive photocatalysts with high levels of activity is still one of the research fields of photocatalyst materials [1] [2] [3] [4] [5] [6] [7] .
Recently, much attention has been focused on russelite bismuth tungstate (Bi 2 WO 6 ) and composite materials as visible-light-responsive photocatalysts [8] [9] [10] [11] [12] [13] . Bi 2 WO 6 is the n = 1 member of the family (Bi 2 O 2 )(B 4+ n O 3n+1 ) of cation-deficient bismuth-layered compounds (Aurivillius phase, B = Mo, W, etc.) [14] . We have reported that Bi 2 WO 6 flake-ball particles, which are micrometer-sized spherical assemblies of polycrystalline flakes comprised of rectangular single-crystalline platelets, exhibited a high level of photocatalytic activity for mineralization of acetaldehyde and acetic acid [15, 16] . The onset wavelength of action spectrum for the reaction was located at 440 nm, and this wavelength corresponds to the band gap energy of ca. 2.8 eV [17, 18] . The apparent quantum efficiency at 400 nm was measured to be 3-8%, depending on the kind of reaction [17, 18] . Unfortunately, visible-light absorption is not sufficient and quantum efficiency should still be improved. Flake-ball particles prepared under the condition of an atomic ratio of tungsten to bismuth (W/Bi ratio) of 0.55 exhibited a photocatalytic activity level higher than that of particles prepared at a stoichiometric W/Bi ratio, i.e., 0.50 [16] . This result suggests that the W/Bi ratio might significantly affect physicochemical properties of Bi 2 WO 6 particles. In the present study, we found that tungsten-rich bismuth tungsten mixed oxide particles with a high W/Bi ratio (1.0) exhibited a level of photocatalytic activity higher than that of conventional Bi 2 WO 6 flake-ball particles (W/Bi ratio = 0.55). Unexpectedly, the crystal composition of the newly developed particles was similar to that of Bi 2 WO 6 rather than double-layered cation-deficient 3 Aurivillius-phase bismuth tungstate (Bi 2 W 2 O 9 ), the W/Bi ratio of which is 1.0. Bi 2 W 2 O 9 is the n = 2 member of the (Bi 2 O 2 )(B 4+ n O 3n+1 ) family and has been reported as a photocatalyst with a band gap of 2.95 eV [8, 19] . Based on the specific surface area and photoabsorption ability, the enhanced photocatalytic activities of the newly developed tungsten-rich particles are discussed.
Experimental

Preparation
Bismuth tungstate particles were prepared by hydrothermal reaction of a mixture of bismuth nitrate (5.0 mmol) and an aqueous solution of sodium tungstate (2.75 and 5.0 mmol for W/Bi ratios of 0.55 and 1.0, respectively). The mixture suspended in an aqueous solution of ca. 80 mL was heated in a 100-mL Teflon-lined autoclave at 160 °C for 20 h. The solution was strongly acidic due to hydrolysis of bismuth nitrate. After the hydrothermal reaction under auto-generated pressure and cooling to room temperature, the precipitates were washed with Milli-Q water three times and dried at 393 K in air.
Characterization
Scanning 
Photocatalytic activity test
Photocatalyst powder (50 mg) spread on a glass plate (15 mm × 15 mm) was placed on the bottom of a cylindrical glass vessel (ca. 330 mL) filled with ambient air. After adsorption of gaseous acetaldehyde (1100 ppm, ca. 15 μmol) had reached equilibrium in the dark, photoirradiation was performed using a 300-W xenon arc lamp (ILC Technology CERMAX-LX300F) with a cold filter at room temperature. Irradiance from the lamp is shown in Fig. S1 in Supplementary data. The amounts of CO 2 and acetaldehyde were measured by a TCD micro-gas chromatograph (Agilent Technologies 3000A Micro GC). An L-42 cut-off filter and a Y-44 cut-off filter (Asahi Techno Glass) were used for irradiation at wavelengths longer than 400 nm and 420 nm, respectively. The cut-off positions specified at 50% internal transmittance were ca. 420 and 440 nm for L-42 and Y-44 cut-off filters, respectively.
Results and Discussion
Morphology of particles
As previously reported, the particles prepared at W/Bi = 0.55 exhibited a flake-ball structure with averaged diameter of ca. 5 µm [15, 16] . The flakes were comprised of rectangular platelets with average thickness of ca. 30 nm. Figure 1 shows SEM images of the bismuth-tungsten mixed oxide particles prepared in a tungsten-rich condition (W/Bi = 1.0). Micrometer-scaled spherical particles were observed as in the case of flake-ball particles, but the average diameter (ca. 15 µm ) was larger than that of flake-ball particles. A number of rectangular platelets with thickness of ca.
20 nm had densely accumulated to form spherical particles. The uniform platelet nanostructure suggested that the crystalline composition would be homogeneous. The particles prepared at W/Bi = 1.0 exhibited a BET specific surface area of 47.5 m 2 g -1 , which was larger than that of flake-ball particles (W/Bi = 0.55, 19.3 m 2 g -1 ). The increment of surface area might be due to the decrease in thickness of rectangular platelets. Nanometer-sized void spaces were present between the platelets comprising of micrometer-scaled spherical particles. Such nanostructures are effective for forming materials with a large surface area to volume ratio.
Crystal composition
The W/Bi ratios estimated by EDS were 0.58 ± 0.05 for flake-ball particles (W/Bi = 0.55) and
0.98 ± 0.10 for particles prepared at W/Bi = 1.0. The chemical composition in feed for preparation was found to be maintained in each powder sample. Figure 2 shows XRD patterns of the hydrothermally-prepared bismuth-tungsten mixed oxide particles. Flake-ball particles (W/Bi = 0.55) exhibited a crystal structure of Bi 2 WO 6 comprised of Bi 2 O 2 sheets interleaved with corner-sharing WO 6 octahedral sheets [14] . The XRD pattern of the newly prepared tungsten-rich particles (W/Bi =1.0) was similar to that of Bi 2 WO 6 (PDF #39-0256), although the peaks were broad and weak. It should be noted that there is a diffraction peak at 2θ = 23.3° that is difficult to assign to a crystal phase. Cation-deficient Aurivillius-phase Bi 2 W 2 O 9 , which is comprised of Quantum size effect predicts that the optical band gap should be widened when the crystalline size decreases. It has been reported that Bi 2 WO 6 macroparticles prepared by the conventional solid state reaction exhibited a band gap of ca. 2.6 eV [16] . Although the crystalline size of tungsten-rich particles was smaller than that of Bi 2 WO 6 flake-ball particles, the band gap was narrower than that of flake-ball particles, which was 2.82 eV. The difference in the band gaps (electronic band structures) might be related to the difference in crystal structure, since the crystal composition of tungsten-rich particles is suggested to be different from that of Bi 2 WO 6 . The band gap energies of the prepared particles were smaller than that of titania P25, which is a mixture of anatase (band gap of 3.2 eV) and rutile (band gap of 3.0 eV). It should be noted that the active phase for photocatalytic oxidative decomposition of acetaldehyde was revealed to be anatase by means of action spectrum analysis [20, 21] . The SAED pattern of platelets derived from tungsten-rich particles was very similar to that of Bi 2 WO 6 platelets, suggesting that the crystal lattice planes along the [010] zone axis was similar to that of Bi 2 WO 6 . However, the crystal structure should be different from that of Bi 2 WO 6 , since the crystal composition was different from that of Bi 2 WO 6 . There might be difference in the lattice constant along the b axis.
Photoabsorption
Crystalline orientation
The SAED analysis suggested that the tungsten-rich particles were composed of single-crystalline platelets of bismuth tungstate.
Photocatalytic activity
Photoexcited electrons and holes of Bi 2 WO 6 photocatalysts can induce reduction of molecular oxygen into water and oxidation of organic compounds into CO 2 , respectively. exhibited a higher CO 2 liberation rate than that of flake-ball particles (W/Bi = 0.55). We have reported that rate of acetaldehyde degradation was expressed by first-order kinetics with respect to the amount of surface-adsorbed acetaldehyde when Bi 2 WO 6 flake-ball particles exhibited similar levels of crystalline content, and the capacity for reactant adsorption was proportional to the specific surface area [22] . A subsequent study revealed that efficiency for the photocatalytic reaction showed a proportional relation with specific surface area rather than crystalline content of Bi 2 WO 6 flake-ball particles [23] . Therefore, the enhancement of CO 2 liberation rate could be assignable to increase in the specific surface area by increasing the amount of tungsten from W/Bi = 0.55 to 1.0. This positive effect can overcome the negative effect due to the decrease in crystallinity, which might enhance electron-hole recombination [23] . When the optical filter was changed from L-42 to Y-44, the CO 2 liberation after 20-min photoirradiation was reduced from 6.0 
Conclusion
New bismuth-tungsten mixed oxide particles were prepared by a hydrothermal preparation method using starting materials with a W/Bi ratio of 1.0. The tungsten-rich particles included tungsten and bismuth with that ratio in feed, but the crystal structure was ambiguous; unexpectedly, the XRD and SAED patterns were similar to that of single-layered Bi 2 WO 6 rather than those of 
